We have experimentally identified and quantified an electrokinetic flow instability that occurs in DC-electric-field driven microfluidic channels with significant conductivity gradients.
INTRODUCTION
Robust control of electrokinetic processes with heterogeneous samples is critical to a variety of on-chip chemical assays. An important regime is high conductivity gradient flows that occur intentionally in sample stacking processes, or unavoidably in multidimensional assays. We have observed flow instability on a variety of microfluidic chips including T-and X-junctions on glass and acrylic substrates.
This paper presents an experimental and analytical study of an electrokinetic instability at a T-junction.
EXPERIMENTAL RESULTS
The experiments were performed in a glass T-junction microchannel system, in which buffers of different conductivities are electrokinetically driven into a common mixing channel [ 11. Experimental data show that the amplitude and spatial extent of this instability have a strong dependence on conductivity gradients and electric field strength. Low electric fields and low conductivity gradients result in stable flows. Fig. 1 shows images taken 1 second after application of an electric field larger than the critical value. The instability is convective as indicated by the downstream growth of initial disturbances.
For a 10: 1 conductivity ratio, experiments show a scalar field wavelength on the order of the channel width of 155 j.trn and a nominal threshold electric field of 0.45 kV/cm for onset of instability. Figure 1 . Images of instability waves at 10: 1 conductivity ratio A I mM borate stream (from top) and a 10 mM borate (bottom) are electrokinetically driven to a geometrically symmetric T-junction (155 pm x 11 pm). The 10 mM borate is seeded with 0.1 mM Rbodamine B (a neutral dye) for scalar visualization. Top image taken just before it reaches a periodic steady state.
PHYSICAL MODEL
Our model was developed from a set of equations applicable to both electrokinetic and electrohydrodynansic flows [2, 31. Electrohydrodynarnics is typically viewed as a separate regime from electrokinetics as the former deals with leaky dielectrics while the latter deals with electrolytes.
However, these disparate regimes can in fact be modeled by the same general equations.
With careful scaling analyses of the transport equations for the charged species, a modified Ohmic-type model is obtained by assuming instantaneous charge relaxation:
where LT is ionic conductivity, v' is fluid velocity, Defy is the effective diffusivity, and @I is electric potential.
Compared to the Ohmic model originally proposed by Melcher [3] , a diffusive term is included to capture the threshold electric field. This modified Ohmic model is coupled with the incompressible Navier-Stokes equations:
Here p is density, p is pressure and E is permittivity. The last term in the momentum equation (4) 
LINEAR STABILITY ANALYSIS
We have performed a two-dimensional linear stability analysis on the governing equations (l-4) in a spatial framework. The analysis assumes normal modes of the form
where f is a general perturbation variable, x is streamwise direction, y is transverse direction, k is wave number, and CD is radian frequency. Briggs-Bers criteria have been applied to determine the nature of the instability and enable the selection of physically unstable modes [4] . This linear analysis captures a critical electric field above which convectively unstable modes appear. I As shown in Fig. 2 , the threshold field EC, is 1.7 x 10.' kVJcm at a nondimensional radian frequency of 1.5. The analysis also shows a spatial growth rate, wavelength and phase speed comparable to experimental data. This critical electric field is an order of magnitude smaller than the experimental threshold.
This discrepancy may be due to the limitations of the two-dimensional 
INSTABILITY MECHANISM
The linear analysis reveals the mechanism for the instability as shown in Fig. 3 . The passive scalar field visualization shows the presence of conductivity gradients. The electric field has a component parallel with these gradients and induces charge accumulation in the bulk liquid. The resulting electric body forces promote unstable cellular fluid motion at high electric fields. This cellular motion alternates conductivity distribution and leads to the growth and propagation of instability waves. A similar mechanism was described by Hoburg and Melcher in a temporal stability analysis of an electrohydrody~a~ic instability with zero base flow [5] .
In the Ohmic regime, electrokinetics differs from electrohydrodynamics mainly in the presence of electroosmotic flow, which leads to the convective instability described here. Such convective instabilities coupled with electroosmotic flow have, to date, not been reported in the electrohydrodynamics literature.
Passive scalar field Schematic of instability mechanism 
CONCLUSION
We have developed a modified Ohmic model and conducted a linear stability analysis to study an electrokinetic instability at a microfluidic T-junction.
Our model captures the key physics of this conductivity gradient induced instability including the convective nature and the threshold electric field.
We are currently completing a full-length manuscript on this work.
